T umor necrosis factor has pleiotropic effects during mycobacterial infections. Thus, while rTNF can activate macrophages in vitro for enhanced control of mycobacterial growth (1, 2) , neutralization of TNF leads to exacerbation of in vivo proliferation of mycobacteria either in mouse models of infection (3) (4) (5) or in human patients undergoing therapy with anti-TNF formulations (6) . However, the in vivo role of TNF is more complex than simply the activation of macrophages. TNF regulates leukocyte recruitment and inflammation and is required for the organization of the granuloma (3, (7) (8) (9) as well as for its maintenance (10, 11) . In fact, in the absence of TNF signaling through its type 1 receptor (TNFR1), mice infected with mycobacteria show granuloma disintegration characterized by extensive cellular apoptosis and necrosis within the granulomas (10, (12) (13) (14) (15) (16) (17) . In some cases, this phenomenon underlies the premature death of mice which, otherwise, would still be able to cope with the mycobacterial burden (9, 10) . It is unclear what is the basis of this acute cell death occurring on an established, chronic granuloma. When infected mice become moribund, they exhibit a dramatic increase in IFN-␥ production by T cells which is dependent on IL-12p40 (10, 18) . TNF may thus be pivotal in keeping the activation of T cells under control and avoid this explosive secretion of IFN-␥. Alternatively, TNF may provide survival signals to leukocytes and prevent their demise as it is known that TNF can lead to activation of NF-B and promote the transcription of antiapoptotic factors (19) which might be required to maintain the viability of leukocytes inside granulomas. In addition, TNF has been shown to inhibit the production of IL-12 and IL-23 by macrophages and dendritic cells (20) . Thus, in its absence, a deregulated activation of Th1 cells may lead to extensive immune activation and promotion of pathology. It was shown that neutralization of IL-12 or IFN-␥ as well as depletion of CD4 ϩ T cells was able to prevent the disintegration of granulomas and the death of TNFR1-deficient mice infected with Mycobacterium avium, showing that hypersecretion of IFN-␥ by the latter T cell population may be the final mediator in the induction of this type of pathology (11) . IFN-␥ has likewise been implicated as a primary mediator of other immunopathological conditions associated to chronic mycobacteriosis such as the induction of caseous necrosis in granulomas and the development of severe lymphopenia (21) (22) (23) . However, the immediate effector mechanisms have not been identified for any of these phenomena. In this study, we use TNF-deficient mice to further dissect the granuloma disintegration already described in the literature. We favored an aerogenic infection to more easily access leukocytes from the affected tissue, the lung. We thus extend our knowledge on this phenomenon by reporting the extensive activation of T cells in the lungs of aerogenically infected TNF-deficient mice and the upregulation on the surface of leukocytes of a death-inducing ligand, TRAIL.
Materials and Methods

Mice and infection
Female C57BL/6 mice were purchased from Harlan Iberica. C57BL/ 6.TNF Ϫ/Ϫ (B6.TNF Ϫ/Ϫ ) mice were purchased from B&K Universal and bred in our facilities. Heterozygous transgenic mice overexpressing one copy of human BCL2 in the hemopoietic cell lineage (C57BL/6.Bcl2 0/ϩ ) were supplied by J. Adams (Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia) and were bred in our facilities. CFU of strain 25291, or aerogenically by being exposed to an aerosolized suspension of M. avium strain 2447 using a Glas-Col Inhalation Exposure System: a 7 ϫ 10 7 CFU/ml suspension resulted in the implantation of ϳ900 CFU of mycobacteria in the lungs of each mouse and a 7 ϫ 10 8 CFU/ml suspension led to the implantation of ϳ2000 CFU per mouse. Survival of the infected mice was followed in one cohort of infected animals whereas the course of the infection was followed in a parallel group of mice by performing viable counts of the mycobacteria in the infected organs following their homogenization and serial dilution plating onto Middlebrook 7H10 medium (Difco). Bacterial inocula were prepared as previously described (24) .
Study of immune cells
For the isolation of lung cells, blood was washed from the lungs by perfusing 10 ml of HBSS through the heart. Lungs were aseptically removed, the tissue was finely sliced with a razor blade and incubated at 37°C for 60 min in 10 ml of DMEM with 10% FCS (DMEM/10% FCS; Invitrogen Life Technologies) in the presence of collagenase (Sigma-Aldrich) at a final concentration of 100 U/ml. Undigested tissue was then forced through a 70-m nylon cell strainer. Single-cell suspensions from spleens were prepared by teasing portions of spleen with forceps in DMEM supplemented with 10% FCS. Cells (from lung or spleen) were pelleted by centrifugation, washed, and incubated with NH 4 Cl hemolytic buffer to lyse any remaining erythrocytes. Cell suspensions were then washed with HBSS and resuspended in DMEM/10% FCS.
For in vitro stimulation studies, cells were cultivated at a density of 2 ϫ 10 5 cells/well in a U-bottom, 96-well cell culture plate and incubated in triplicate in DMEM with 10% FCS with no further stimulus or in the presence of mycobacterial envelope proteins at a final concentration of 4 g/ml. Supernatants from the cultures were collected after 72 h of culture, and the IFN-␥ was produced was quantified by a two-site sandwich ELISA method, using anti-IFN-␥ specific, affinity purified mAbs (R4-6A2 as capture and biotinylated AN-18 as detecting Ab) and a standard curve generated with known amounts of recombinant murine IFN-␥ (Genzyme). The same method was used to quantify the amount of IFN-␥ present in the serum of the infected mice. Mycobacterial envelope proteins were prepared from M. avium broth cultures as described previously (24) .
Flow cytometry
For the immunofluorescence staining, 10 6 cells were incubated in a 96-well microtiter plate with fluorochrome-conjugated Abs. All Abs were from BD Pharmingen with the exception of the Ab anti-TRAIL that was acquired from Abcam and were used at the dilutions recommended by the manufacturers. The cells were washed twice with PBS containing 3% FCS; propidium iodide (Sigma-Aldrich) was added to the cells at a final concentration of 1 g/ml to allow the exclusion of dead cells.
For the analysis of IFN-␥ production, lung cells were cultured in DMEM supplemented with 10% FCS at a density of 1 ϫ 10 6 cells/ml and incubated for 2 h at 37°C in the presence of PMA (Sigma-Aldrich) plus ionomycin (Calbiochem) at a final concentration of 25 g/ml each followed by an incubation of 2 h in the presence of 0.01 mg/ml brefeldin A (Sigma-Aldrich). After extensive washing with ice-cold PBS, cells were labeled with FITC-conjugated anti-CD4 or with FITC-conjugated anti-CD8 and fixed for 20 min in a 2% paraformaldehyde solution. The fixed cells were then washed, permeabilized for 10 min at room temperature with PBS/1% FCS/0.1% NaN 3 /0.5% saponin, and incubated with 5 g/ml PEconjugated anti-IFN-␥ mAb for 20 min at room temperature. The analysis of the stained cell populations was based on the acquisition of 10,000 events in a FACSort (BD Biosciences) equipped with CellQuest and Flow Jo software.
Cytotoxicity assay
Cells of the P815 mastocytoma cell line (ATCC) were used as targets in this assay. Cells were harvested from an exponentially growing culture, labeled by incubation with 200 Ci of 51 Cr-sodium dichromate (Amersham) at 37°C for 2 h. After extensive washing, the cells were incubated with anti-CD3 mAb or with hamster IgG at a concentration of 30 g/ml for 20 min. A total of 5 ϫ 10 3 target cells were plated in a U-bottom 96-well cell culture plate and different ratios of effector cells were added in triplicate. After 6 h of culture at 37°C in a CO 2 atmosphere, 150 l of supernatant was collected and isotope release was measured in a Microbeta Trilux scintillation counter (PerkinElmer). Spontaneous 51 Cr release was measured by incubation of target cells in DMEM in the absence of effector cells and total release was measured by incubation of target cells with 10% saponin. Specific cytotoxicity was calculated as percent lysis ϭ (A Ϫ B)/ (C Ϫ B) ϫ 100, where A is the experimental release, B is the spontaneous release, and C the total release. Purified CD4 ϩ or CD8 ϩ T cells that were in some cases used as effector cells for the cytotoxicity assay were obtained by cell sorting from pooled lung cell suspensions using a FACSAria cell sorter (BD Biosciences).
Histology
Lungs were fixed in buffered formaldehyde, embedded in paraffin, and sections were stained with H&E for histological analysis.
Statistical analysis
The Student t test was used to compare paired data and the log-rank test was used to compare survival times. the higher dose, compared with no deaths in C57BL/6 mice infected for up to 250 days. These data suggest that the intensity of the immunological stimulus underlies the mortality in TNF-deficient hosts. Therefore, we next characterized the mycobacterial growth and the immune responses in these infections.
Results
TNF-deficient mice have reduced survival during M. avium infections when compared with control C57BL/6 animals
TNF-deficient mice have an exacerbated immune response to M. avium infections when compared with control C57BL/6 animals
Following i.v. infection with 10 6 CFU, strain 2447 proliferated more extensively in TNF-deficient mice than in control mice ( Fig.  2A) . Strain ATCC 25291, however, proliferated equally well in both mouse strains ( Fig. 2A) . CD4 ϩ and CD8 ϩ T cells expanded more vigorously in TNF-deficient mice than in C57BL7/6 controls, particularly in the case of strain 2447 ( in this infection. Finally, sera from infected B6.TNF Ϫ/Ϫ mice had dramatically increased amounts of IFN-␥ as compared with sera from infected C57BL/6 controls (Fig. 2D) . As previously reported by Ehlers et al. (10) , infected moribund TNF-deficient mice exhibited numerous granulomas within the liver tissue undergoing disintegration, with many necrotic areas and evidence of apoptotic cells (data not shown). Such pathology was not detected in other organs such as the spleen and the lung, also targets of infection.
A similar analysis was performed in mice infected with strain 2447 through the aerogenic route. As shown in Fig. 3A , there was a transient exacerbation in growth of M. avium in the lungs of B6.TNF Ϫ/Ϫ mice at day 60 of infection but the numbers of mycobacteria were similar in both strains of mice at a time when the B6.TNF Ϫ/Ϫ mice were becoming moribund. The accumulation of leukocytes in the lungs was also studied following their isolation from digested pulmonary tissue and showed that B6.TNF Ϫ/Ϫ mice infected for 120 days had considerably more CD4 ϩ , CD8 ϩ , and CD11b ϩ cells than control C57BL/6 mice infected for the same period of time (Fig. 3B) . T cells from these infected B6.TNF Ϫ/Ϫ mice showed a higher percentage of IFN-␥-positive cells than T cells from infected controls, particularly with regards to the CD4 ϩ population of cells (Fig. 3C) . The latter data correlated well with the increased levels of serum IFN-␥ detected at 120 days of infection in B6.TNF Ϫ/Ϫ mice as compared with control C57BL/6 mice (Fig. 3D) . Even at 240 days of infection, when all infected TNF-deficient mice had died, infected C57BL/6 mice had only a small number of discrete lesions in their lungs (Fig. 4A) . In contrast, the lungs of moribund TNF-deficient mice infected with strain 2447 showed massive infiltration of the whole lung frequently with little remaining uninvolved alveolar tissue (Fig. 4B ). This infiltration consisted of mononuclear cells with many foci of lymphocyte accumulation (Fig. 4C ) and areas of necrotic tissue (Fig. 4D ) where apoptotic cells with pyknotic nuclei were identified (Fig. 4D, inset) . It was interesting to find no granuloma disintegration in the livers of the same animals whereas that was the site where such pathology developed when the infection was initiated through the i.v. route (data not shown). 
Bcl2 overexpression slightly improves survival during M. avium ATCC 25291 infections when compared with control C57BL/6 animals
Given the suggestion of apoptotic events taking place before the demise of the infected TNF-deficient mice, we studied the infection in mice lacking TNF but overexpressing the antiapoptotic molecule BCL2. TNF-deficient mice overexpressing Bcl2 were infected in parallel with TNF-deficient mice, and survival after i.v. Table I . Thus, the transgene conferred partial resistance to infection associated with an increase in the number of cells, which was already apparent in noninfected animals. Thus, CD4 ϩ T cell numbers at 45 days of infection with M. avium 25291 were increased 2.2-fold in TNF-deficient mice and 2.5-fold in TNF-deficient mice overexpressing Bcl2 relative to uninfected controls. In contrast, the expansion of this cell subset was larger in Bcl2-transgenic B6.TNF Ϫ/Ϫ mice (5.2-fold) as compared with the B6.TNF Ϫ/Ϫ animals (3.0-fold) during a 60 days infection by M. avium 2447. We have previously found (Ref. 21 and data not shown) that such expansion during infection with either strain ATCC 25291 or strain 2447 did not occur in control C57BL/6 mice even when overexpressing Bcl2 at such time points. The larger expansion of the T cells in the case of the infection by strain 2447 may have counteracted the protective effects of Bcl2 on the survival during infection by M. avium 2447 by providing a bigger number of offending T cells (a statistically nonsignificant 10-day increase in survival time was found). In contrast, the balance between the expansion of T cells due to the forced expression of Bcl2 and the development of lymphopenia caused by the infection made the increase in survival bigger and statistically significant in the case of the infection by M. avium 25291 (around 21 days). In both instances, the IFN-␥ response remained exacerbated as compared with the responses found in C57BL/6 animals. Thus, spleen cells from TNF-deficient mice and Bcl2-transgenic TNFdeficient mice infected with strain ATCC 25291 secreted 11.4 Ϯ 7.4 ng of IFN-␥/ml and 9.0 Ϯ 6.6 ng of IFN-␥/ml, respectively (Table I ) whereas C57BL/6 controls, overexpressing Bcl2 or not, always secreted Ͻ1 ng of IFN-␥/ml at day 60 of infection (21) . Overexpression of Bcl2 more than doubled the amounts of IFN-␥ secreted by spleen cells of C57BL/6 mice infected for 60 days with strain 2447 (20.3 Ϯ 3.3 ng of IFN-␥/ml in Bcl2 transgenic as compared with 7.8 Ϯ 2.2 ng of IFN-␥/ml in nontransgenic C57BL/ 6). However, the values were higher in the case of TNF-deficient (38.1 Ϯ 17.2 ng of IFN-␥/ml) than in Bcl2-transgenic TNF-deficient (18.0 Ϯ 8.2 ng of IFN-␥/ml) mice infected for 60 days with strain 2447.
T cells in the lungs of infected TNF-deficient mice exhibit an enhanced activated phenotype and increased cytotoxicity
To characterize further the cells in the lesions of moribund animals and find clues to the mechanisms leading to the demise of the TNF-deficient animals, we selected the aerogenic infection model given that the isolation lung cells were easier than that of the liver granulomas cells. Given the extensive accumulation of lymphocytes, namely T cells in those lesions, we analyzed by flow cytometry the activation of those T cells. As shown in Fig. 5, CD4 ϩ and CD8 ϩ T cells from TNF-deficient animals had increased expression of the early activation marker CD69, and of CD44, while down-regulating more extensively the molecules CD62L and CD45RB as compared with control C57BL/6 animals. All these alterations suggested an increased activation of the T cells. We also studied the cytotoxic activity of T cells. As shown in Fig. 6 , either whole T cells or purified CD4 ϩ or CD8 ϩ T cells from TNF-deficient mice exhibited increased anti-CD3-triggered cytotoxicity against P815 targets as compared with cells from C57BL/6 mice.
Inflammatory cells in the lungs of moribund mice up-regulate TRAIL
To understand the mechanisms of the cellular death occurring in the granulomas of moribund TNF-deficient mice, we analyzed the expression of death-inducing molecules on the surface of lung leukocytes. When we stained cells for the expression of FasL or FasR, no important differences were observed between cells of either strain (Fig. 7) . We thus looked at an additional death-inducing molecule, TRAIL. Lung cells from noninfected mice or from infected C57BL/6 animals did not express TRAIL (Fig. 8) . Expression of TRAIL was increased in CD4 ϩ and CD8 ϩ T cells of TNFdeficient mice but only when they started to look clinically ill (Fig. 8) . Additionally, an increase in expression was found on another cell subset which we identified as CD11b ϩ cells (Fig. 8) . To better characterize this cell type that was the predominant cell expressing TRAIL, we performed additional phenotypic characterization. This TRAIL expressing population present in infected and moribund B6.TNF Ϫ/Ϫ mice was found to be CD11b (Fig. 9) typical of a subset of macrophages found to accumulate in other infectious models (25, 26) .
Discussion
The availability of genetically engineered mice lacking the type 1 TNFR (TNFRp55 Ϫ/Ϫ ) or TNF itself has allowed the analysis of the role played by this cytokine in resistance to mycobacterial infections. Initial studies highlighted the importance of TNF in a mouse model of disseminated tuberculosis infection (12) . Intravenously infected TNFRp55 Ϫ/Ϫ mice showed severe pathology in Mycobacterium tuberculosis-infected organs while presenting increased bacterial loads and decreased survival (12) . Similar exacerbation of infection with concomitant development of necrotic pathology was observed in models of Mycobacterium bovis bacillus Calmette-Guérin (BCG) infection of TNF-deficient and TNF/ lymphotoxin-deficient mice (13) (14) (15) (16) . Transgenic mice overexpressing a soluble form of the type 1 TNFR became similarly more susceptible to either M. tuberculosis or BCG again exhibiting higher bacterial loads and developing caseous necrosis (17) . These examples associated increased mycobacterial proliferation with development of pathology. In contrast, a model of infection by virulent M. avium has allowed Ehlers et al. (10, 11) to describe the development of granuloma disintegration and early mortality in infected TNFR1-deficient animals without concomitant exacerbation in mycobacterial loads during infection. It became clear that most of the pathology stemmed not from the increased numbers of mycobacteria but most likely from a deregulation of the immune response to infection. This phenomenon was also well-characterized by Zganiacz et al. (16) in their model of BCG infection. Here, we further dissected the M. avium model and 1) we show that the development of immunopathology is not due to an imbalance in the signaling between the two TNFRs but rather to an absence of signaling through the type 1 receptor, 2) we confirm the exacerbated immune responses that take place in the absence of TNF signaling and that likely underlie the development of the immunopathology, i.e., granuloma disintegration, and 3) we show that the site of the immunopathology depends on the route of infection; it occurs in the liver following an i.v. infection but it is found in the lung when the animals are infected with an aerosol. In any case, both situations lead to the early death of the animals which is not strictly dependent on mycobacterial loads as in other mycobacteriosis, because moribund B6.TNF Ϫ/Ϫ mice had similar loads as healthy looking C57BL/6 mice that went on to survive several weeks or months longer. Curiously, death of B6.TNF Ϫ/Ϫ mice occurred at roughly the same time point of infection following an i.v. infection with the highly virulent strain ATCC 25291 as with the less virulent strain 2447, despite the former infection leading to much heavier mycobacterial loads than the latter. This may relate to the fact that the highly virulent strain causes lymphopenia and, in some way, dampens the exacerbated immune response that ensues in the absence of TNF. This interpretation may also explain why overexpression of BCL2 in hemopoietic cells protects slightly better in the case of infection of TNF-deficient mice infected with strain ATCC 25291 than with strain 2447. In fact, in the latter case, increased BCL2 expression leads to an infection-dependent 5-fold increase in CD4 ϩ T cell numbers as compared with only 3-fold in nontransgenic mutants, thus further increasing the numbers of the cellular culprit of the increased mortality. In contrast, given the depletion of T cells observed during infection with strain ATCC 25291, infection of either bcl2-transgenic or nontransgenic mutant mice led to similar 2-to 2.5-fold increases in T cell numbers. This allows us to state that in the presence of similar numbers of offending T cells, BCL2 can partially counteract the apoptotic phenomena induced and delay the time of death.
Previous work from our laboratory has shown that chimeric mice whose TNFR1 deficiency was limited to the lymphoid lineage did not develop granuloma disintegration as mice lacking the receptor in all cell types did (21) . This means that the cell type regulated by TNF is most likely of myeloid origin. The observation that TNF can dampen the secretion of IL-12 by APCs (20) is in line with these data and suggests that myeloid cells become uncontrollably stimulated during mycobacterial infection and overproduce cytokines that will activate T cells in an exaggerated fashion. Here, we present evidence that TNF-deficient mice, in contrast to control C57BL/6 mice, accumulate massive numbers of CD4 ϩ T cells in their lungs during infection and that all these cells show evidence of activation (all up-regulate CD44 and down-regulate CD45RB and CD62L). Even the expression of CD69, a transient early marker of activation easily detected in vitro but seldom found up-regulated in vivo, is increased in T cells from infected TNFdeficient hosts. In addition to CD4 ϩ cells, CD8 ϩ T cells also followed the same trends of activation. Among the products of the T cells, IFN-␥ is of pivotal importance for the disintegration of the granulomas as the studies of Ehlers et al. (11) have demonstrated. This increase in the ability to secrete IFN-␥ was also found in all our models. Instead of picogram amounts of this cytokine, we generally detected nanogram amounts at late stages of the infection in B6.TNF Ϫ/Ϫ mice, clearly illustrating the deregulation of the immune response in these animals. Less clear is the relevance of other T cell functions, such as cytotoxicity which was found enhanced in T cells from B6.TNF Ϫ/Ϫ mice, as compared with control C57BL/6 animals.
It is still not known how the increased amounts of IFN-␥ produced in the absence of TNF regulation might lead to the immunopathology. Other models have linked IFN-␥ to other immunopathological consequences of M. avium infection but the mechanisms involved have not been identified (21) (22) (23) . We show here that one of the consequences of the deregulated response is the expression of TRAIL in T cells and, with more intensity, in CD11b ϩ F4/80 ϩ Gr1 int macrophages. Whether this cell type is the final mediator of cell death within the granuloma is yet unclear and this issue will require further studies, namely the use of TRAILdeficient mice and crosses with the TNF-deficient animals. Also unknown is whether TRAIL up-regulation might be a consequence of IFN-␥ activation or, indirectly, of a response to another mediator induced by IFN-␥. Because it is known that TRAIL expression can be increased by type I IFNs (27) , the following scenario can be envisaged. In the absence of regulatory TNF, APCs are stimulated by mycobacterial products to produce heightened amounts of costimulatory cytokines such as IL-12. These, in turn, lead to increased priming of CD4 ϩ T cells that will secrete massive amounts of IFN-␥. Upon reaching a certain threshold, this cytokine will promote the expression of apoptosis-inducing molecules on the surface of macrophages (and maybe other cell types). We speculate that it will be the increased expression of the latter molecules that will eventually trigger the death of the cells within the granuloma leading to organ failure (be it the liver upon i.v. infection or the lung upon an aerogenic challenge) and the demise of the infected host. Because TRAIL up-regulation is a terminal phenomenon occurring in already moribund animals, it is unlikely that this molecule contributes to the immune activation which is observed to increase steadily from the beginning of the infection. Instead, as stated already, it is more likely that TRAIL expression is itself the result of such exacerbated immune response. Future studies will address different steps in this hypothetical sequence of events.
